Abstract -This paper presents a new robust controller design approach to the yaw control of a small-scale helicopter mounted on an experimental platform. The 
I. INTRODUCTION
Rotorcraft-based unmanned aerial vehicles (RUAVs), are indispensable for many cases where human intervention is considered difficult or dangerous. A helicopter can operate in different flight modes, such as vertical take-off/landing, hovering, longitudinal/lateral flight, pirouette, and bank-toturn. Due to their versatility in maneuverability, helicopters are capable to fly in restricted areas and to hover efficiently for long periods of time. These characteristics make helicopters invaluable for terrain surveying, surveillance and clean-up of hazardous waste sites.
The design for flight control system of helicopter has been dominated by linear control techniques. The last decade has witnessed remarkable progress in RUAV research including modelling [2] and control theory [3] [4] [5] , which are based on an accurate and fixed model. However, the complicated dynamics of helicopter lead to both parametric and dynamic uncertainty. Unmeasurable states, sensor and actuator noise, saturation, bandwidth limitations, friction and delays, all of these may make the resulting closed-loop system out of the region of stability, so the controller should be designed to be robust for those effects.
Robust control theory allows the design of control systems based on a simple low-order plant model with welldefined uncertainty bounds that account for model simplifications, non-linearity, and variations in operating conditions. Furthermore, approximate low-order plant models are more easily identified from flight test data and results in less complexity.
Recently, a considerable amount of work has been done to design robust controllers for linear system with parameter uncertainty. Since an adequate level of performance is required in practice, recent literatures have focused on quadratic stabilizing control with some performance such as LQR, H_ or H2 [6] [7] [8] [9] [10] disturbance attenuation and closedloop pole location based on LMI or other methods. A design technique well suited to the control of helicopters is the technique of H_ control. Being an inherently multivariable technique and also being able to provide robust stability for systems subjected to uncertainty make H_ control an ideal candidate. A number of simulation studies and flight test [6] [7] [8] [9] have investigated robust control methods on rotorcraft using H_ techniques. The effective method which can deal with H_ problem is the linear matrix inequality (LMI) method [11] [12] .
While a single controller with a fixed gain is considered, the resulting controllers designed by any method above inherently become conservative. On the other hand, adaptive control [13] theories have been greatly developed as controller design methodologies for system with uncertainties. The typical adaptive control scheme is the parameter adaptive control, in which unknown parameters are estimated explicitly, and control parameters are determined based on these estimates. However, even in the so-called "ideal case", a stable adaptive controller can't guarantee good transient response.
It is worthwhile considering incorporate some kind of adaptation mechanism with robust control methods. In In this paper a framework of the simulation model for the helicopter-platform is set up using rigid body equations of motion of the helicopter fuselage. In this way the effect of the aerodynamic forces and moments acting on the helicopter are described. The total aerodynamic forces and moments acting on a helicopter can be calculated by summing up the contributions of all components on the helicopter, which include main rotor, tail rotor, fuselage, horizontal stabilizer and vertical fin. So, the yaw dynamics has the form: : = r I =Nmr +N +Nfus +N +Nvf (1) Mr tr fs hs v where q and r are the yaw angle and angular velocity of the helicopter respectively; I,, is the inertia around z-axis; N denotes the torque acted on the helicopter; the subscripts of mr, tr, fus, hs and vf denote respectively, main rotor, tail rotor, fuselage, horizontal and vertical fin. In hovering and low-velocity flight, the torque generated by main rotor and force generated by tail rotor are dominant. By simplifying the fuselage and vertical fin damping, the yaw dynamics can be rewritten as:
(p= r 1Ir =-Qmr + Ttrltr + blr + b2(p (2) where Qmr is the torque of main rotor, Tr is the thrust of tail rotor, It. is the distance between the tail rotor and z-axis, b, and b2 are damping constants. 
The torque generated by main rotor is: In this section, we propose the control method which is general for a linear time-invariant affine uncertainty model described by (9) where x(t) E R' is the state, u(t) E Rm is the control input, y(t) e RP is the measured output and co(t) ER The control design considered in this paper is to find a algorithm such that:
1.
The closed-loop system is stable for all O0 E [oc 6ig].
2.
The output y(t) tracks the reference signal rd (t) with zero steady-state error, that is lim e(t) = 0 where e(t) = rd (t) -y(t), and with a known performance bound for the resulting closed-loop system which will be defined later.
It is well known that a integral control can effectively eliminate the steady tracking error. In order to obtain a robust tracking controller with state feedback plus tracking error integral, we introduce the following augmented state-space description
x-(t) = A(O)x-(t) + B(O)u(t) + B((O)ac(t) (10) where x (t) [(i e(r)dr) x T Wt (t) = [rdT(t) )T (t)]T and
Choose the controlled output z(t) E Rq, defined by z(t) = CY(t) + Du(t)
where C and D are constant weighting matrices which can be adjusted to achieve satisfactory response. Here, the controller is designed as: (12) where O(t) = (O1 (t), 02 (t (19) where
Now the design condition that V(t) + zT (t)z(t) -y2coaT (i)co (t) < 0 is reduce to W < 0 Let X=P1,Yo =K0X, =KX,i=1 ...N. Bypre-and post-multiplying inequality W < 0 by X ,the resulting inequality is
By Schur complement, we know WI < 0 is equivalent to (14) and (15) (14) depends affinely on 0, 0 ( 0 and 0 are independent) and based on classical LMI theory [12] , it is well known that if for any Oc Q2and0 C Q, (14) and (15) holds, then for any Oi, Oi e [Oi OiJ, (14) and (15) We can obtain the minimized y by solve the problem above.
IV. SIMULATIONS
The proposed control method is verified by the simulation model obtained from the helicopter-on-arm platform, shown as Fig.1 . A small-scale electrical helicopter is mounted at the end of a two-DOF arm, while the weight of the helicopter is perfectly balanced at the other side of the arm. First, the parameters of the nonlinear yaw dynamic model are identified by least square method, and followings are the result:
with, k1= -1.3828, k2 = 63.0923, k3= 11.6514, k4= -0.1380 k5 = -3.3286, Q = 1200 , i71 and )72 are disturbances. Fig.2 demonstrates the fitness of identified model of (24) Fig.3b . It is easy to see that using our adaptive robust controller the closed-loop nonlinear system is stable and has zero tracking error even in presence of disturbance.
We have also implemented the fixed gain robust control [14] Fig. 4 . From Fig.4 , we can see that PID control can't track the desired command, and the best tracking result of fixed gain controller is not as good as under our proposed method.
Summarizing these simulations, it is noted that the proposed adaptive robust controller design method can improve the system performance in the presence of uncertainty and disturbance. In this paper, we introduce a new robust H0. feedback controller with adaptive mechanisms for the linearized yaw dynamic with guaranteed control performance using LMI method. The proposed control design method is general for a linear time-invariant affine uncertainty model. The proposed controller reduces conservatism inherent in a robust control with a fixed gain and improves performances in timeresponse. Simulations of yaw dynamic model of small-scale helicopter are performed, and numerical results illustrate the theoretical developments. 
